Abstract: BRCA1 Associated RING Domain 1 (BARD1) encodes a protein which interacts with the N-terminal region of BRCA1 in vivo and in vitro. The full length (FL) BARD1 mRNA includes 11 exons and encodes a protein comprising of six domains (N-terminal RING-finger domain, three Ankyrin repeats and two C-terminal BRCT domains) with different functions. Emerging data suggest that BARD1 can have both tumor-suppressor gene and oncogene functions in tumor initiation and progression. Indeed, whereas FL BARD1 protein acts as tumor-suppressor with and without BRCA1 interactions, aberrant splice variants of BARD1 have been detected in various cancers and have been shown to play an oncogenic role. Further evidence for a dualistic role came with the identification of BARD1 as a neuroblastoma predisposition gene in our genome wide association study which has demonstrated that single nucleotide polymorphisms in BARD1 can correlate with risk or can protect against cancer based on their association with the expression of FL and splice variants of BARD1. This review is an overview of how BARD1 functions in tumorigenesis with opposite effects in various types of cancer.
Introduction
In 1996, Wu et al. in effort to understand the function of BRCA1 they used a yeast two-hybrid screen to identify proteins that associate with it in vivo [1] . By this analysis the BRCA1-associated RING domain 1 (BARD1) protein was discovered as a binding partner of BRCA1. BARD1 protein is encoded by sequences on chromosome 2q35 and forms a functional heterodimer with BRCA1 through the binding of their RING-finger domains which functions as tumor-suppressor in breast and ovarian cancer [1] [2] [3] [4] . The full length (FL) BARD1 mRNA includes 11 exons and encodes a protein comprising of one N-terminal RING-finger domain, three Ankyrin repeats (ANK) domains and two C-terminal BRCT domains (Figure 1 ). The recognizable protein motifs of BARD1 are well conserved in mouse [5, 6] , Xenopus laevis [7] , Caenorhabditis elegans [8] and Arabidopsis thaliana [9] , including the RING domain, the three tandem Ankyrin repeats and, to a lesser extent, the two BRCT domains. This complexity of structure indicates that BARD1 could have multiple functions.
Conditional inactivation of Bard1 in mice induces mammary carcinomas that are indistinguishable from carcinomas induced by conditional knock-out of Brca1, which establishes BARD1 itself as a tumor suppressor [10] . The knock-out of Brca1 and Brca2 genes in mice led to embryonic lethality. Similarly, homozygous disruption of Bard1 in mice results in lethality between embryonic days E7.5 and E8.5, at time when Bard1 but not Brca1 expression is maximal [5, 11] . The phenotype of Bard1 knock-out mice demonstrated that Bard1 is essential for cell viability and maintenance of genome integrity and embryos lethality only after eight days of development could mean that Bard1 deficiency is deleterious to the cells. This hypothesis is supported by the finding that BARD1 mutations are associated with 2 of 23 few cases of non-BRCA1/BRCA2-related sporadic breast and ovarian tumors and account for only a small fraction of cases of familial breast cancer overall [12] [13] [14] [15] [16] . Interesting to note, BRCA1 mutations do not immediately result in malignant phenotype but have cumulative effect that is possibly caused by incorrect stoichiometry with interacting proteins [17] .
The BARD1-BRCA1 heterodimer has ubiquitin ligase activity that targets proteins involved in cell-cycle regulation, DNA repair, hormone signaling and modulating chromatin structure [18, 19] . Several reports show that BARD1 has an additional BRCA1-independent tumor suppressor function in cancer that is antagonized by the expression of BARD1 isoforms. Briefly, the expression of FL BARD1 (tumor suppressor role) is required for genomic stability and cell cycle control; in cancer initiation and progression the expression of BARD1 isoforms (oncogenes) antagonize FL BARD1 functions and permit uncontrolled proliferation ( Figure 1B ) [5, [20] [21] [22] [23] . In the following review, we have focused on the genetic and molecular mechanisms of the dualistic role of BARD1 as oncogene and tumor-suppressor in cancer.
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Rare and Common Cancer-Associated Genetic Variants of BARD1

Rare Predisposing Variants of BARD1 in Cancer
Mutations in the BRCA1 and BRCA2 genes are the most common causes of hereditary breast and ovarian cancer and are associated with a lifetime risk of breast cancer of 50-85% and of ovarian cancer of 15-40%. It is now apparent that mutations of several other genes, such as BARD1, PALB2 (Partner And Localizer Of BRCA2) and BRIP1 (BRCA1 Interacting Protein C-Terminal Helicase 1) [24] , contribute to familial breast cancer. BARD1 mutations are expected to account for additional cases of non-BRCA1/2 inherited breast cancer and have been reported in non-BRCA mutated breast cancer families [25] [26] [27] [28] . A recent work has suggested BARD1 as cancer-associated gene in ovarian cancer by a case-control association analysis between 1915 patients and Exome Sequencing Project (ESP, http://varianttools.sourceforge.net/Annotation/EVS) and Exome Aggregation Consortium (ExAC, http://exac.broadinstitute.org) controls [24] . The authors report a mutation frequency for BARD1 of 0.2% and Odd Ratio of 4.2 (95% confidence interval: 1.4-12.5). Similar results have been presented by Couch et al. from multigene panel-based clinical testing for pathogenic variants in inherited cancer genes among patients with breast cancer [29] . The case-control association analysis between 38,326 white patients with breast cancer and 26,911 ExAC controls demonstrated an association between pathogenic rare variants in BARD1 with a moderate risk value (Odd Ratio, 2.16; 95% confidence interval: 1.31-3.63) and a mutation frequency of 0.18% [29] . Thus, most of the published data are consistent with BARD1 involvement in breast and ovarian cancers susceptibility [12] [13] [14] [15] [16] [25] [26] [27] [28] [29] . Indeed, BARD1 is now included on clinical gene panels for testing for susceptibility to these two tumors. However, no recurrent hotspot variant has been identified so far.
Beyond single nucleotide variants, other types of risk mutations have been found in BARD1 such as splicing mutations and large deletion. Interestingly, Ratajska et al. identified 16 BARD1 mutations in BRCA1/2-negative high-risk breast and/ovarian cancer patients from Poland [30] . Among these mutations, a splice mutation (c.1315-2A > G) resulted in exon 5 skipping and a silent change (c.1977A > G) which altered several exonic splicing enhancer motifs in exon 10 and resulted in a transcript lacking exons 2-9 [30] . In a recent study, three BARD1 mutations were identified that alter splicing leading to skipping of exons 5, 8 and 2-9, respectively [31] .
The Table 1 shows the list of mutations (n = 79) defined as "Pathogenic" and "Likely Pathogenic" in ClinVar database (https://www.ncbi.nlm.nih.gov/clinvar/). Most of mutations are loss-function due to deletion, nonsense or frame shift mutations and are associated with susceptibility to breast cancer (Table 1 and Figure 2 ). Only one missense mutation is reported even if recent literature reports diverse potential pathogenic missense mutations in BARD1 [24, 29] . Moreover, others and we have demonstrated that BARD1 is enriched in rare, potentially pathogenic, germline variants also in neuroblastoma patients [32, 33] . Particularly, the nonsense variant (rs587781948; exon 2), included in ClinVar, has been found in two patients in these two different gene-sequence projects. Based on these observations a curated update of BARD1 mutations in ClinVar database is needed. We also expect that massive sequencing of BARD1 in breast, ovarian cancers, neuroblastoma and other tumors will increase the number of rare pathogenic missense mutations to be inserted into the ClinVar database as "Pathogenic". However, these data strongly support the role of tumor-suppressor of BARD1 in different cancers.
(rs587781948; exon 2), included in ClinVar, has been found in two patients in these two different gene-sequence projects. Based on these observations a curated update of BARD1 mutations in ClinVar database is needed. We also expect that massive sequencing of BARD1 in breast, ovarian cancers, neuroblastoma and other tumors will increase the number of rare pathogenic missense mutations to be inserted into the ClinVar database as "Pathogenic". However, these data strongly support the role of tumor-suppressor of BARD1 in different cancers. Different copy number variants of BARD1 locus have been found associated with congenital conditions (hypospadias and congenital heart defects: coarctation of aorta and tetralogy of fallot) and developmental phenotypes (Table 1 ) [34] . Neuroblastoma, tetralogy of fallot and coarctation of aorta are related to tissues that origin from neural crest cells. Moreover, literature data report cases of patients with coexisting neuroblastoma and congenital heart defects [35] . In 2004 George et al. demonstrated that congenital heart defects are more common in neuroblastoma patients than in a control group of children with another type of cancer [36] . Another study has demonstrated that depleting frog embryos of BARD1 leads to defective developmental phenotypes (for instance: malformed neural tube and eye structures) [7] . Together, these evidences indicate that BARD1 might play a role in early organogenesis; however, additional studies are needed to demonstrate this hypothesis.
Although variants in protein-coding regions have received the most attention, numerous studies have noted the importance of non-coding variants in cancer. A sequencing of 20 complete genes, including noncoding and flanking sequences, in hereditary breast and ovarian cancer patients (n = 287) identified a single nucleotide variants in 5' UTR (c.-53G > T; rs143914387) of BARD1 predicted to alter the mRNA structure [37] . Further complete gene sequencing or whole genome sequencing projects are warranted to investigate the contribution of rare non-coding variants of BARD1 in conferring cancer risk. 
Common Predisposing Variants of BARD1 in Cancer
Many genome-wide association studies (GWAS), using high-density single nucleotide polymorphism (SNP)-based microarray technology, have been conducted in the commonest cancer types and have identified more than 4032 genetic associations (GWAS catalog, date: 21 August 2017), confirming that susceptibility to these diseases is polygenic. We have performed a large GWAS to define the genetic landscape of sporadic neuroblastoma predisposition and have identified common DNA alleles in different genes [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] that are associated significantly with neuroblastoma development. In that GWAS, one of the most significant and robustly replicated association signals that was enriched in the high-risk subset of neuroblastomas resided in the BARD1 locus [21] that is also the only neuroblastoma susceptibility gene validated in Afro-American [48] , Chinese [49] and Spanish individuals [50] . We have demonstrated that, in BARD1 locus, SNPs associated with risk of neuroblastoma correlates with high expression of splice variants of BARD1 and SNPs protecting against neuroblastoma correlates with high expression of FL BARD1 [21] . Interestingly, one disease-associated variant (rs6435862) correlates with the expression of an oncogenetically activated isoform, BARD1β, which has growth-promoting effects in neuroblastoma models potentially through cooperation with the Aurora family of kinases [51] . Furthermore, by performing a fine mapping analysis of BARD1 locus, we have identified additionally functional polymorphisms associated with risk of neuroblastoma and over-expression of FL BARD1 [50] . These data strongly suggest that the dual role of BARD1 as oncogene or tumor-suppressor is due to the function of disease-associated variants. Together, these evidences highlight that the risk of neuroblastoma development may be estimated by a specific combination of BARD1 risk genotypes as suggested by the results of a published computational analysis of GWAS-identified neuroblastoma risk loci [52] .
Recently, the SNP rs7585356 previously associated to neuroblastoma has been found also associated to nephroblastoma [53] , which is the most frequent malignant renal tumor in children. Although the SNP rs7585356 located in 3' UTR of BARD1 may have a role in BARD1 mRNA regulation, additional investigations are needed to validate this genetic association.
Candidate gene association studies have suggested that the low-frequency variant Cys557Ser (rs28997576) confers risk of single and multiple primary breast cancers in Icelandic [26] and South American [54] populations. However, independent studies failed to replicate that genetic association in Polish [55] , multiethnic [56] , Chinese [57] , Australian [58] individuals. We also failed to validate that genetic association in a case series consisting of 540 high-risk neuroblastoma cases and 1142 controls [46] with European-American origins. These discordant results might be due to population substructure or gene modifiers affecting the role of BARD1 in cancer development.
Somatic Mutations of BARD1 in Cancer
Whereas common and rare hereditable variants of BARD1 have been associated with cancer risk, recent high-throughput sequencing studies have found no frequently acquired somatic mutations in tumor tissues. In accord to previous studies, our exome and deep sequencing of 82 clinically aggressive neuroblastomas detected only one somatic acquired mutation [32] . Interestingly, a large whole exome sequencing study on 500 metastatic cancers identified BARD1 among the genes somatically altered at low-frequency [59] and recently BARD1 has been included in the list of Cancer Gene Census in COSMIC database (http://cancer.sanger.ac.uk/census.). Here we have analyzed all somatic mutations of BARD1 deposited in COSMIC database by using the Cancer-specific High-throughput Annotation of Somatic Mutations (CHASM) [60] tool to distinguish passenger variation events from driver ones across a cohort of tumors and the Variant Effect Scoring Tool (VEST) [61] to identify variants that affect the molecular function of the protein and prioritize them on the basis of the likelihood of their involvement in human disease (Table 2) . We confirm that even if pathogenic somatic mutations are relatively infrequent, BARD1 can be considered a cancer driver gene (CHASM gene score = 0.73; CHASM gene p-value = 0.0000004). 
Biological Functions of BARD1 as Tumor Suppressor
Tumor suppressor functions of BRCA1 are thought to be mediated by the BARD1-BRCA1 heterodimer which is an E3 ubiquitin ligase implicated in DNA repair [18, 19] and in other essential functions for maintaining genomic stability [62, 63] , as homologous recombination [64] , centrosome duplication [62] and mitotic spindle assembly [65] (Figure 3) . Specific functions of BARD1-BRCA1 heterodimer will not be dealt with in this paragraph. Although partner of this complex, FL BARD1 initiates or facilitates DNA repair pathways by controlling polyadenylation machinery in BRCA1-independent way through BARD1 binding with mRNA polyadenylation factor cleavage stimulation factor (CSTF1) [66, 67] .
Tumor suppressor functions of BRCA1 are thought to be mediated by the BARD1-BRCA1 heterodimer which is an E3 ubiquitin ligase implicated in DNA repair [18, 19] and in other essential functions for maintaining genomic stability [62, 63] , as homologous recombination [64] , centrosome duplication [62] and mitotic spindle assembly [65] (Figure 3) . Specific functions of BARD1-BRCA1 heterodimer will not be dealt with in this paragraph. Although partner of this complex, FL BARD1 initiates or facilitates DNA repair pathways by controlling polyadenylation machinery in BRCA1-independent way through BARD1 binding with mRNA polyadenylation factor cleavage stimulation factor (CSTF1) [66, 67] . [68] . FL BARD1 interacts to poly(ADP-ribose) (PAR) after damage and consequently it is recruited to DNA repair [69] . Finally, increased expression levels of FL BARD1 stabilize p53 and facilitate its phosphorylation by DNA-dependent protein kinase (DNAPK) [70] [71] [72] ; (B) BRCA1-dependent pathways are mediated by BARD1-BRCA1 heterodimer. The activity of the BARD1-BRCA1 ubiquitin ligase is implicated in essential functions for maintaining genomic stability [61] [62] [63] [64] .
BARD1 expression fluctuates in a cell-cycle dependent manner, with maximal expression levels occurring in mitosis [73] . In mitosis FL BARD1 stability is increased due to phosphorylation by cell-cycle dependent kinase complexes (cyclin A/E-CDK2 and cyclin B-CDK2) within regions required for ubiquitin ligase activity of BARD1-BRCA1 heterodimer [74] . Contrary, BRCA1 is mostly expressed during S-phase of cell-cycle [73] . We can speculate that the concomitant expression of BARD1 and BRCA1 in S-phase support the function of BARD1-BRCA1 heterodimer and FL BARD1 expression in mitosis supports additional BRCA1-independent functions. [68] . FL BARD1 interacts to poly(ADP-ribose) (PAR) after damage and consequently it is recruited to DNA repair [69] . Finally, increased expression levels of FL BARD1 stabilize p53 and facilitate its phosphorylation by DNA-dependent protein kinase (DNAPK) [70] [71] [72] ; (B) BRCA1-dependent pathways are mediated by BARD1-BRCA1 heterodimer. The activity of the BARD1-BRCA1 ubiquitin ligase is implicated in essential functions for maintaining genomic stability [61] [62] [63] [64] .
BARD1 expression fluctuates in a cell-cycle dependent manner, with maximal expression levels occurring in mitosis [73] . In mitosis FL BARD1 stability is increased due to phosphorylation by cell-cycle dependent kinase complexes (cyclin A/E-CDK2 and cyclin B-CDK2) within regions required for ubiquitin ligase activity of BARD1-BRCA1 heterodimer [74] . Contrary, BRCA1 is mostly expressed during S-phase of cell-cycle [73] . We can speculate that the concomitant expression of BARD1 and BRCA1 in S-phase support the function of BARD1-BRCA1 heterodimer and FL BARD1 expression in mitosis supports additional BRCA1-independent functions. BRCA1 and BARD1 have specific individual functions due to their interaction with various proteins and the dissociation of heterodimer might be regulated by post-translation protein modifications such as phosphorylation, ubiquitination or PARylation. Cancer-associated BRCA1-independent activities of BARD1 have been reported in various tumor cell lines (Figure 3 ). An access of monomer BARD1 over BRCA1 has been associated with BRCA1 mutations and with p53-mediated apoptosis. The link between BARD1 and apoptosis has been further highlighted by BARD1 co-immunoprecipitation with p53 in tissues exposed to genotoxic stress [70, 71] . Particularly, the region of BARD1 binding with p53 involves ANK repeats and the region between ANK and BRCT domains in BARD1-C terminal fragment [72] . It is interesting to note that mutations or deletions in TP53 gene are frequent in cancer with BRCA1 mutations [75, 76] . We can speculate that BRCA1 mutated tumors save BARD1 pro-apoptotic functions and additional TP53 mutations may enhance cancer development. Contrary deleterious BARD1 mutations are infrequent in cancer because the cells lose both DNA repair capabilities and pro-apoptotic function. BARD1 is also transcriptionally up-regulated in response to genotoxic stress and in brain after hypoxia suggesting that BARD1 is expressed specifically in tissues undergoing apoptosis [71] .
BARD1 is involved in transcription factor NF-κB pathway. The binding of C-terminal fragment of BARD1 to the ANK repeats domain of BCL3, a NF-κB inhibitor in vitro, may affect the correct regulation of NF-κB in cancer and inflammatory and autoimmune diseases [68] . Emerging evidences report the interaction of BARD1 BRCT domain to poly(ADP-ribose) (PAR) and consequent recruitment of BARD1-BRCA1 complex to DNA repair after damage [69] . PAR pathway is particularly interesting because of the promising drugs act on inhibiting PAR polymerizing enzyme (PARP) are more efficient in cells BRCA1 mutated with saved BARD1 tumor suppressor function. Finally, a significant association found between over-expression of FL BARD1 and favorable outcome in colon cancer patients highlighted FL BARD1 function as prognostic factor in cancer [20] .
Biological Functions of BARD1 as Oncogene
BARD1 is characterized by full length and diverse spliced isoforms (Figure 1 ). Down-regulation of FL BARD1 can have oncogenic effects [5, 11, 20, 21] whereas BARD1 isoforms that lack RING or/and ANK domains are often up-regulated and associated with negative prognosis in breast [15] , ovarian [15] endometrial [77] and lung [78] cancers. Several scientific evidences show that cancer-associated BARD1 isoforms antagonize the functions of FL BARD1 as tumor suppressor and act as a driving force for carcinogenesis.
BARD1β and BARD1δ isoforms were first identified in rat spermatocytes and in a highly tumorigenic and resistant to apoptosis rat ovarian cancer cell line NuTu-19 [70, 79] . BARD1β is characterized by lack of exons 2 and 3 and encode to a protein lacking the RING finger and BRCA1 domain interaction. In breast and ovarian cancer an imbalance of FL BARD1 and BARD1β was observed with BARD1β dominant negative function. BARD1β scaffolds Aurora B and BRCA2 at the midbody during telophase and cytokinesis, antagonizing Aurora B ubiquitination and degradation by BARD1-BRCA1 E3 ubiquitin ligase [22] . BARD1β oncogenic driver of tumorigenesis is also supported by GWAS that identified BARD1 as new susceptibility locus in neuroblastoma as mentioned above [51] . BARD1β depletion in vitro caused genotype-specific inhibition of cell proliferation in neuroblastoma cells, whereas overexpression of BARD1β led to the transformation of non-malignant murine fibroblast [51, 77] .
BARD1δ is characterized by deletion of exons 2-6 that encode for the majority of the RING finger and the entirety of the ANK repeats, critical regions for the interaction with BRCA1 and p53; this isoform was detected in many gynecological cancers and in multiple processes of tumorigenesis [70, 80, 81] . In MCF-7 cells, BARD1δ does not stimulate apoptosis due to p53 deficiency [80] ; however, its mitochondrial localization suggested a function in regulation of mitochondrial response to tumorigenic stress [82] . Interestingly, BARD1δ specifically binds to estrogen receptor alpha (ERα) antagonizing ERα-BARD1 binding and ERα degradation [83] . To note, BARD1δ dominant negative of FL BARD1 is temporally and spatially regulated by estrogen signaling in human invasive cytotrophoblasts cells of early pregnancy [81] . Recently, Maxim Pilyugin et al. described BARD1δ antagonizes chromosome and telomere protection function of BARD1-BRCA1 heterodimer by binding molecules that confer chromosome integrity [84] . It is likely that BARD1δ confers genomic instability and acquired oncogenic property in absence of cell cycle control, due to p53 deficiency and of chromosome integrity.
BARD1ω isoform contains only exons 6-11 encoding ANK repeats and BRCT domain. This isoform was found highly expressed in acute myeloid leukemia (AML) and in AML cell lines. In vitro BARD1ω overexpression induced multiple mitotic defects like aberrant chromosome alignment at the metaphase and anaphase state, abnormally increased size of nucleus and apoptosis inhibition. These scientific evidences highlight oncogenic proprieties of BARD1ω [85] .
Summary and Future Perspectives
In this review, we summarized the genetic and molecular mechanisms associated to a dualistic role of BARD1 in cancer initiation: tumor suppressor and oncogene. BARD1 shows relatively low frequent mutations in cancer and, even if rare, BARD1 mutations seem to drive malignant transformation. The reduced expression of FL BARD1 due to somatic mutations or predisposition gene silencing variants may be considered the first hit of BARD1 tumor suppressor function. Instead, FL BARD1 loss-of function consequently to aberrant splicing and gain of dominant negative functions is associated with its proto-oncogenic role. Indeed, cancer associated BARD1 isoforms antagonize the functions of FL BARD1 as tumor suppressor and lead to genetic instability, loss of DNA repair and cell cycle control functions and permits uncontrolled proliferation. This antagonist effect is also supported from a more recently published research article that suggests that specific microRNAs, in healthy tissues, maintain an equilibrium of FL BARD1 and isoforms in favor of FL BARD1 instead, in cancer cells, create a disequilibrium in favor of BARD1 isoforms upon epigenetic activation of non-coding BARD1 isoform BARD1 9'L [23] .
In ClinVar database, beyond deletion, nonsense or frame shift mutations, only one missense mutation of BARD1 is reported as "Pathogenic" even if recent literature demonstrates the association of common and rare point mutations with cancer initiation [29, 86] . Thus, further functional investigations of non-coding and coding disease-associated variants are needed in order to verify their role in tumorigenesis and drug response.
BARD1 might also play a role in early organogenesis and in diseases related to tissues that origin from neural crest cells. In light of these evidences additional studies to explore BARD1 function in cancer and in developmental disorders should be considered in the next future.
BARD1 as Possible Biomarker and Therapeutic Possibilities
BARD1β has been identified as an oncogenic driver of high-risk neuroblastoma tumorigenesis and a stabilizer of Aurora family of kinases. This strongly supports the development of potential therapeutic strategy with Aurora kinase inhibitors for clinically aggressive neuroblastoma. Moreover, the switching from FL BARD1 to BARD1β permits the deregulated turnover of the Aurora kinases. Thus, Aurora and BARD1β expression levels might be predictive biomarkers for response to Aurora inhibitors.
Protein PARylation functions as a signal to recruit DNA damage repair proteins like the BARD1-BRCA1 complex to repair Double Strand Breaks (DSBs). BARD1 BRCTs bind ADP-ribose, the basic unit of PAR, at DNA damage sites which mediates the rapid recruitment of BRCA1. PARP inhibition directly suppresses the fast recruitment of the BARD1-BRCA1 heterodimer to DNA damage sites and impairs DNA repair. PARP inhibitors (PARPi) selectively kill BRCA1-deficient cells and several PARPi are currently in breast cancer clinical trials. However, the mechanism underlying the sensitivity of the tumor cells bearing BRCA1 mutations that abolish the interaction between BRCA1 and BARD1 to PARPi is not clear [87] . Ovarian and breast cancer patients who harbor BRCA1 mutations develop resistance to both PARPi and platinum therapy [88, 89] . Secondary mutations in BRCA genes as well as gene methylation status for BRCA1, BRCA2 and other genes that control homologous recombination have been examined in patients' biopsies as potential resistance mechanisms. One way to overcome clinical resistance is to investigate as the expression of FL or isoform BARD1 could contribute to the success or failure of PARPi therapy. A recent paper has demonstrated that BARD1β sensitizes colon cancer cells to poly PARP-1 inhibition even in a FL BARD1 background, thus suggesting that BARD1β may serve as a future biomarker to assess suitability of colon cancers for homologous recombination targeting with PARPi in treatment of advanced colon cancer [90] . In the future, it will be interesting to evaluate the efficacy of PARPi in patients with loss-of-function mutations of BARD1 that are relatively frequent ( Table 1) .
The early detection of cancer is the most important factor contributing to the total eradication of cancer. The over-expression of BARD1 isoforms is strongly correlated with tumor progression, specifically in non-small-cell lung cancer (NSCLC) [20, 51, 78] . Based on these evidences Irminger-Finger et al. have developed a blood test for the early detection and diagnosis of lung cancer based on capturing autoimmune antibodies against BARD1 antigens [91] . Additional studies are needed to verify the efficacy of this test in detection of lung cancer and it will be very interesting to extend this experimentation to other cancers such as neuroblastoma, ovarian and breast cancer.
